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Superhydrophobic Fabrics for Oil-Water Separation based on the 
Metal Organic Charge Transfer Complex CuTCNAQ 
Faegheh Hoshyargar,[a] Manika Mahajan,[b] Anuradha,[b] Sheshanath V. Bhosale,[b] Louis Kyratzis,[c] 
Anand I. Bhatt[d] and Anthony P. O’Mullane*[a] 
Abstract: This work reports on the fabrication of a superhydrophobic 
nylon textile based on the organic charge transfer complex 
CuTCNAQ (TCNAQ = 11,11,12,12-
tetracyanoanthraquinodimethane). The nylon fabric that is metallized 
with copper undergoes a spontaneous chemical reaction with 
TCNAQ dissolved in acetonitrile to form nanorods of CuTCNAQ that 
are intertwined over the entire surface of the fabric. This creates the 
necessary micro and nanoscale roughness which often allows the 
obtaining of the Cassie-Baxter state with high robustness thereby 
achieving a superhydrophobic/superoleophilic surface without the 
need for a fluorinated surface. The material is characterised with 
SEM, FT-IR and XPS spectroscopy and investigated for its ability to 
separate oil and water in two modes, namely via filtration and as an 
absorbent material. It is found that the fabric can separate 
dichloromethane, olive oil and crude oil from water and in fact 
reduce the water content of the oil during the separation process. 
The fabric is reusable, highly durable and tolerant to conditions such 
as seawater, hydrochloric acid and extensive time periods on the 
shelf. Given that CuTCNAQ is a copper based semiconductor may 
also open up the possibility of other applications in areas such as 
photocatalysis and antibacterial applications. 
Introduction 
The fabrication of superhydrophobic materials has received 
significant attention from the research community due to 
their fascinating chemical and physical properties as well as 
their immediacy for implementation in a myriad of 
applications. This is reflected in the excellent and extensive 
review of the area by Guittard[1] who covered topics such as 
anti-icing, anti-corrosion, oil-water separation, water 
desalination and purification, antibacterial coatings, self-
cleaning surfaces, microfluidics and applicability of this 
phenomenon in devices such as batteries, sensors and 
moisture tolerant electronics to name just a few. Indeed, 
there have been many other excellent reviews[2-8] in this 
area indicating the enormous interest in the fundamental 
and applied aspects of this topic. However, the importance 
of developing new materials with superhydrophobic 
properties or indeed superoleophilic as well as 
superoleophobic properties is clear where a major 
requirement for all of these applications is stability under 
wide ranging environmental conditions. Another avenue of 
research is creating materials with these properties that can 
perform more than one role such as being anti-bacterial,[9] 
photocatalytically active[10, 11], SERS active[12] or possess 
functionality that can be utilized in electronic or optical 
based devices.[13, 14] Therefore, research into developing 
superhydrophobic materials that can be utilized for multiple 
purposes is attractive. 
 In recent studies it has been shown that charge 
transfer complexes based on metal-TCNQ demonstrate 
applicability in a wide range of areas other than their 
traditional uses in memristive and field emission 
applications. It is well known that MTCNQ and MTCNQF4 
(M = Cu, Ag) are good candidates for molecular switching 
devices and field emission[15-19] but it has been shown that 
their electronic and chemical properties can be utilized for 
applications as diverse as heterogeneous catalysis,[20, 21] 
photocatalysis,[22, 23] gas sensing[24] and antibacterial 
textiles.[25] Indeed nanostructured CuTCNQ[26, 27] and 
CuTCNQF4
[28] on rigid substrates have also been shown to 
be superhydrophobic and could in principle be used in 
contaminant and humidity tolerant electronic devices. 
Recently a 3D CuTCNQ nanowire array was shown to be 
superhydrophobic with the added capability of allowing for 
high adhesion of osteoblasts to the surface.[29] However 
these materials have not been utilized for oil-water 
separation. Given the rich chemistry available in metal-
organic charge transfer complexes, electron acceptors 
other than TCNQ have also been investigated such as 
11,11,12,12-tetracyanoanthraquinodimethane (TCNAQ) 
(Figure 1) which is a more efficient electron-acceptor than 
TCNQ. However applications of CuTCNAQ are solely 
limited to field emission[30] and this material has not been 
investigated for it hydrophobic properties. Therefore 
CuTCNAQ remains an under-utilized material which may 
have many more properties that are useful when the 
MTCNQ and MTCNQF4 materials are taken into account.  
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Figure 1. 3D chemical structure of TCNAQ molecule showing carbon 
atoms with three different chemical environments. 
 
A particularly important application of 
superhydrophobic materials is oil-water separation given 
the threat of petroleum and other oils to environmental 
sustainability and human health. There are three main 
approaches in separating oil and water and that is by using 
materials that are either superhydrophobic/superoleophilic 
(SS), superhydrophilic/underwater superoleophobic (SUS) 
or superhydrophilic/superoleophobic.[1] Each of these 
approaches have their own advantages and disadvantages, 
however for the latter in particular generating a 
superoleophobic material that is not superhydrophobic is 
extremely difficult.[31] SUS materials are extremely effective 
for filtering industrial oil contaminated waste water but SS 
materials that are employed as oil absorbing felts appear to 
be the most effective means to remove floating oil from 
water.[32] This is due to their high mass based absorption 
capacity, however they generally exhibit a poor volume 
based absorption capacity. Therefore to alleviate this issue 
a barrel shaped oil skimmer has been developed by Parkin 
et al. which absorbs and then collects the floating oil in a 
barrel alleviating steps such as squeezing or compressing 
SS felts to recover the oil[32] thereby greatly enhancing the 
efficiency of SS materials for oil-water separation. Other 
interesting approaches include spraying waste potato 
residue powders and waterborne polyurethane mixtures on 
a stainless steel mesh which when pre-wetted with oil or 
water allows oil or water to be separated respectively.[33] 
The ability to switch the wettability of a surface is also 
attractive and has been demonstrated using 
ZnO/polyurethane composites deposited on steel mesh that 
change properties when exposed to UV light or thermally 
treated.[34] 
 In this work we investigate the conversion of a copper 
coated Nylon fabric into CuTCNAQ via a simple chemical 
method and demonstrate its applicability for the first time as 
a SS material that allows the separation of 
dichloromethane, olive oil and crude oil from water. The 
material is highly stable and maintains oil-water separation 
performance after immersion in simulated seawater for 31 
days as well as a highly acidic environment for 3 days. In 
principle the use of a material with electronic as well as 
possible anti-bacterial properties makes this a highly 
attractive candidate for multiple applications. 
Results and Discussion 
In previous work we demonstrated that the surface of a rigid 
Cu substrate could be converted to CuTCNQF4 which 
showed superhydrophobic properties but was not 
investigated for oil-water separation given the non-
permeability of the substrate.[28] In this work we chose a 
non-fluorinated material, TCNAQ, to convert a Cu coated 
nylon fabric into CuTCNAQ via immersion of the fabric into 
an acetonitrile (ACN) solution containing TCNAQ.  
A fabric was used to introduce flexibility and 
absorptivity to the substrate as well as being a better option 
for upscaling the synthesis of the material compared to the 
protocols involved in creating a rigid copper substrate. 
Figure S1 shows the FESEM images of plain Cu fabrics 
utilized in this study demonstrating a relatively smooth 
coverage of the nylon fibers with a layer of copper. After 
reaction of the substrate with 2 mM TCNAQ at room 
temperature (RT) in acetonitrile for 12 h the Cu coated 
fabric was uniformly covered with CuTCNAQ microrods 
(Figure 2). The large scale conversion of the copper fabric 
to CuTCNAQ can be seen via the digital image in Figure 
S2. This is achieved via a corrosion-crystallization 
approach[35] where Cu+(ACN)  ions are initially leached from 
the surface and react with TCNAQ-(ACN)  ions which then 
exceed the solubility limit and crystallize CuTCNAQ(s)  on 
the surface to give the typical crystalline needle type 
morphology seen for these types of charge transfer 
complexes.[30]  The reactions involved can be presented as: 
 
                        Cu → Cu
+
(ACN) + e
-
                                  (1)
     
 
           TCNAQ(ACN) + e
-
 → TCNAQ
-
(ACN)                       (2)                         
     Cu
+
(ACN)  + TCNAQ
-
(ACN)  → Cu
+
TCNAQ
-
(s)              (3)             
 
The microrods are about 700 nm in diameter and several 
micrometers in length and grow in various directions (Figure 
2c). A closer observation of the rods (Figure 2d) reveals 
that they consist of tiny needles of ca. 200-700 nm in 
diameter which are packed together in bunches in the 
thickest areas. The concentration of TCNAQ was varied 
from 1-5 mM which affected the coverage of the fabric with 
CuTCNAQ where more sparse coverage was seen using 1 
mM TCNAQ (Figure S3) and denser coverage was 
obtained using 5 mM TCNAQ (Figure S4). EDX analysis 
and mapping of the CuTCNAQ based fabrics as expected 
show the presence of Cu, C and N elements (Figures S5 
and S6). A minor amount of oxygen is also detected by 
EDX which might be due to slight oxidation of Cu during the 
deposition process.  
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Figure 2. FESEM images of as-prepared CuTCNAQ fabric in a,b) lower 
resolution and c,d) higher resolution. 
 
CuTCNAQ based fabrics were further characterized by 
means of FT-IR and XPS (Figure 3). As shown in Figure 3a, 
the FT-IR spectrum of CuTCNAQ shows characteristic 
bands at 2215, 2196 and 2122 cm-1 (υ(C≡N) region) which 
are shifted to lower wavenumber compared to the parent 
TCNAQ where the characteristic band appears at 2222 cm-
1.[30] The peak at 777 cm-1 (δ(C-H) region) (Figure 3b) of 
TCNAQ is also shifted to 768 cm-1 in CuTCNAQ indicating 
the formation of TCNAQ-. This is confirmed by XPS data 
which also is consistent with the formation of Cu+TCNAQ-
.[30] The Cu 2p core level spectrum (Figure 3c) with two 
peaks at 932.2 (Cu 2p3/2) and 952.2 eV (Cu 2p1/2) are in 
agreement with the binding energies for the Cu 2p orbital 
for a Cu (I) species. Two weak shake-up satellite peaks 
between 938.9 and 946.3 eV and between 959.3 and 965.4 
eV point to slight oxidation of Cu(I) to Cu(II) which is in 
agreement with EDX data where oxygen was also detected 
(about 3%). The N 1s core level spectrum (Figure 3d) 
shows a wide peak consisting of two components at 398.5 
and 399.4 eV which is in accordance with data already 
reported for this material which was used in field emission 
studies.[30] As illustrated in Figure 3e, the C 1s core level 
spectrum consists of three distinct components indicating 
the presence of three types of carbon. Observing the 
TCNAQ molecule illustrated in Figure 1, one can realize 
three types of carbon in such a molecule. Carbon type 1, 
namely the sp carbon of the cyano groups, carbon type 2 
the sp2 carbon bonded to H and carbon type 3 the sp2 
carbon bonded only to C. The high binding energy 
component of 287.9 eV may correspond to the sp carbons 
of CN groups (carbon type 1) while the major component at 
286.0 eV corresponding to the outer ring carbons (bonded 
to H, carbon type 2) and the component at lower binding 
energy of 284.4 eV being associated to the ring carbons 
(carbon type 3) in TCNAQ molecule. 
Figure 3. FT-IR spectra of a) as-prepared CuTCNAQ fabric compared to 
b) TCNAQ powder and c,d,e) XPS spectra of Cu 2p, N 1s and C1s for 
as-prepared CuTCNAQ fabric. 
 
The material was tested for its superhydrophobic 
properties given the combination of micro and nanosized 
properties that are ideally suited for allowing water droplets 
to be suspended on top of surface rugosities and on air 
trapped inside surface anfractuosities thereby creating the 
Cassie-Baxter state.[1] It has been demonstrated for many 
systems that this combination on different length scales is 
highly effective for creating a hydrophobic surface. There 
are many approaches to creating surfaces with structures of 
different length scales such as physical approaches using 
colloidal templates[36, 37], however utilising a simple surface 
conversion process via corrosion-crystallisation is a simple 
approach.  However, fabricating a suitable surface 
morphology is generally not enough to ensure a 
superhydrophobic surface. Therefore the material must 
either possess the right chemical properties, such as being 
fluorinated, which is then structured appropriately or a 
textured surface is treated to lower the surface energy and 
typical modifiers include for example fluorinated 
compounds, stearic acid, long alkyl chain fatty acids and 
silanes.[7] Other approaches include etching copper meshes 
with Fe3+ ions followed by surface modification with 
octadecanethiol[38] or coating carbon fibre meshes with 
fluorinated carbon nanotubes.[39]  Cotton fabrics have also 
been coated to create a Janus type structure where the 
fabric is hydrophobic on one side and coated with 
polyamine on the other that allows permeation of oil through 
the fabric via coalescence of the oil drops when they 
contact the polyamine side.[40] SiO2 nanoparticles 
functionalized with octadecyltrimethoxysilane have also 
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been incorporated into cotton fabrics for the separation and 
capture of oil from water.[41]  
Upon the addition of a large water droplet to the surface 
of the CuTCNAQ fabric (Figure 4a) it was found to sit on the 
surface and the contact angle was measured to be 164° 
(Figure 4b). Multiple drops could be added to the fabric, 
which were then able to coalesce into bigger drops. These 
could be moved around the surface and ultimately removed 
without any loss of superhydrophobicity (Figures 4c-j and 
video S1). It should be noted that this procedure could be 
repeated multiple times (100s of times) on samples ranging 
in age from freshly prepared to 1 year old. Therefore the 
surface energy of CuTCNAQ in addition to the surface 
morphology is appropriate for creating a superhydrophobic 
surface. Previous work on an analogous material, namely 
CuTCNQ, indicated that the morphology was the dominant 
component for a superhydrophobic surface, however the 
creation of micro/nanorods which favors slower growing 
planes and therefore a lower surface energy was also a 
contributing factor.[26] Here this condition is also satisfied in 
that the surface of the copper fabric is coated with 
micro/nanorods of CuTCNAQ and should therefore be of 
the lowest surface energy. The material did not 
demonstrate any superhydrophobic properties when 1 mM 
TCNAQ was used for the synthesis and this is attributed to 
the much lower surface coverage (Figure S3). Comparable 
data in terms of good superhydrophobic properties was also 
obtained when 5 mM TCNAQ was used, but to reduce 
material consumption the rest of the study was carried out 
using 2 mM TCNAQ for the synthesis.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Hydrophobicity of as-prepared CuTCNAQ fabric. a) a water 
droplet on CuTCNAQ fabric, b) contact angle measurement, c-j) 
successive snapshots of putting on and removing water droplets from 
CuTCNAQ fabric. 
 
There is significant interest in gravity driven oil-water 
filtration given the high fluxes involved. The CuTCNAQ 
fabric was tested for the separation of dichloromethane 
(DCM) and water under such conditions and is illustrated in 
Figure 5 where the DCM and water have been colored blue 
and red respectively to aid visualization of the separation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Successive images of gravity driven water-DCM separation 
through CuTCNAQ fabric as filtering material. The water has been 
coloured red and the DCM is coloured blue.  
 
As shown in video S2 and captured in Figure 5 it is 
apparent that the fabric is highly effective in separating 
DCM from water. Indeed it was found that 20 ml of DCM 
could be passed through the fabric under gravity in 12 s to 
give a flux (F) of 7.3 L m-2 s-1 calculated via 
 
F = V/At                    (4) 
 
where V is the volume of water that permeates through the 
fabric as shown in Figure 5, A is the area of fabric defined 
by the diameter of the glass tubing and t is the time 
required for the DCM to completely permeate through the 
fabric. This is comparable to recent reports for copper 
meshes sprayed with palygorskite and polyurethane 
mixtures which allowed water rather than oil permeation at 
a flux of 15 L m-2 s-1.[42] A separation efficiency (η) as high 
as 99 % was obtained for the separation of DCM from water 
which was calculated via η = (m1/m0) × 100, where m0 and 
m1 are the mass of the water before and after the 
separation process, respectively.[43]    
Even more remarkable was the fact that the water 
content of the DCM after only one filtration cycle was 
lowered from 644 ppm to 229 ppm indicating that the 
solvent was also dried during the filtration process 
indicating the highly effective separation of oil-water for this 
material. Given that most oils float on water a test was also 
carried out with olive oil (Figure 6). In this instance DCM 
ChemPlusChem 10.1002/cplu.201600021
 
FULL PAPER    
 
 
 
 
 
was used as a carrier solvent which allowed the olive oil to 
be flushed through the fabric with the DCM. This was 
repeatable with other types of oil such as peanut and 
canola oil and could be used multiple times (at least 5 
times). The fabrication of a material that possesses 
superhydrophobicity and superoleophilicity without the need 
for surface fluorination is highly advantageous. SEM 
analysis of the fabric after multiple separations of DCM and 
water revealed that the nanorod morphology of the 
CuTCNAQ crystals was compromised to an extent, 
however a highly textured surface remained (Figure S7) 
which maintained its superhydrophobic properties.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Removal of olive oil from water by successive washing with 
DCM through the CuTCNAQ fabric. 
 
Ultimately however it is the separation of crude oil 
from water which is a major focus of this type of application. 
This could also be demonstrated with CuTCNAQ fabric as 
shown in Figure 7 which shows the material mopping up 
crude oil from the surface of the water. The material could 
be replenished via simple washing with hexane to remove 
the oil. For less concentrated oil samples complete removal 
of oil from the surface could be achieved (Figure 8 and 
video S3).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Successive snapshots of mopping of crude oil drop from water 
using CuTCNAQ fabric as absorbent material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Successive snapshots of mopping of low levels of crude oil 
drop from water using CuTCNAQ fabric as absorbent material.  
 
For this type of application, however durability is a 
significant concern. Therefore the material was tested 
under simulated sea water conditions where it was stored 
for 30 days. After this treatment it was found that the 
superhydrophobicity was not compromised and the same 
performance could be achieved for DCM/water separation 
as shown in Figure 5. Harsher treatments included 
immersion in a 0.1 M HCl solution for 3 days to mimic a 
highly corrosive environment which did not result in any 
compromise of performance. In fact samples that were 
used extensively for DCM/water separation and left on the 
shelf for 18 months still demonstrated the same oil-water 
separation properties.   
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Conclusions 
Copper metallized nylon fabric was readily converted into a 
surface containing CuTCNAQ nanorods that resulted in a 
superhydrophobic surface with a contact angle of 164°. In 
addition, the fabric became superoleophilic and allowed the 
separation of DCM and water via filtration with a flux of 7.3 
L m-2 s-1 and a separation efficiency of 99 %. For oils such 
as olive oil which float on water they were readily flushed 
through the fabric using DCM as a carrying solvent. 
Significantly not only does the fabric exhibit excellent oil-
water separation properties but it also resulted in a dramatic 
64 % reduction in the water content of the oil after one pass 
through the membrane. In addition crude oil could be 
removed from the surface of water and the fabric could be 
reused after flushing with hexane. This material is also 
stable and tolerant to seawater as well as corrosive acidic 
environments and maintains functionality after repetitive 
use for up to 18 months. Given the semiconducting nature 
of CuTCNAQ further applications that include 
photocatalysis and anti-bacterial applications could be 
envisaged. 
Experimental Section 
Materials 
TCNAQ was synthesized following a previously reported 
procedure.[44] Silver-coated fabrics were constructed using a plain 
weave from silver coated Nylon (Shieldex 117/17 using 2 ply 
conductive silver yarns). The weaving of the textile was carried out 
using a Rapier CCI weaving machine with a weaving width of 45cm 
and warping was carried with a 3m warp on the CCI sample warper. 
The fabric had 23 ends/cm and 15.7 picks/cm in an open weave 
pattern. Copper can be electroplated onto silver coated nylon fabric 
by a galvanostic technique. The plating solution is prepared by 
mixing 0.1M CuSO4 (Merck) and 1M H2SO4 (98% Varian Analytical 
grade) acid and 20 µM thiourea (NH2CSNH2) (BDH AndaR) in 
Millipore water. The fabric, which is the working electrode, was 
placed into a plating frame (inserted in between Cu sheets (Counter 
Electrodes) in a two electrode configuration. The plating frame 
together with the fabrics was then placed into a glass plating bath 
filled with sufficient plating solution to fully cover the fabrics. The 
fabric was then electroplated galvanostatically for 4 h at a current of 
-1 A using an Autolab 302N potentiostat. After plating, the fabrics 
were removed from the plating bath and frame and rinsed under 
running water for 1 min and further rinsed in a beaker of ethanol for 
30 s. Excess ethanol was removed with a Kimwipe before placing 
the fabrics in a 60°C convection oven to dry. 
Prior to CuTCNAQ formation the fabric was cut into pieces (7×7 
mm2) and etched using HNO3 10% v/v, washed with acetone and 
methanol and blown dried in a stream of N2 gas, and used 
immediately for growing CuTCNAQ structures. 
 
 
Preparation of CuTCNAQ film 
CuTCNAQ films were prepared by soaking Cu fabrics in a solution 
of TCNAQ. In a typical reaction, 2 mM solution of TCNAQ in 
acetonitrile was used to synthesize CuTCNAQ films. The freshly 
treated Cu fabrics were immersed in a freshly prepared solution of 2 
mM TCNAQ in acetonitrile (CH3CN anhydrous, Sigma, 99.8%) and 
left to react overnight at RT. The Cu fabrics was then taken out and 
gently rinsed with Milli-Q water (resistivity of 18.2 MΩ.cm at 25°C), 
blown dried under a stream of N2 gas and was subject to further 
characterisations. 
 
Material Characterisation 
Material characterisation was carried out using field emission 
scanning electron microscopy (FESEM, Zeiss Sigma VP field 
emission scanning electron microscope equipped with an Oxford 
XMax 50 Silicon Drift energy-dispersive X-ray detector at 20 kV 
under high-vacuum), Fourier transform infrared spectroscopy (FT-
IR, Thermo Nicolet iS50 FTIR in combination with a Continum IR 
microscope in reflectance mode for the fabric and Ge micro-ATR 
mode for the parent TCNAQ), X-ray photoelectron spectroscopy 
(XPS, Omicron MultiProbe system using a unmonochromated Al Kα 
X-ray source) were used. The binding energies obtained in the XPS 
analysis were corrected with reference to C 1s core (284.8 eV). The 
XPS data were analyzed using CasaXPS software version 2.3.16. 
Contact angles were measured by the sessile drop method using 
an OCA20 contact-angle system (Dataphysics Co., Germany) at 
ambient temperature at various positions on the same sample. 
 
Oil-water separation 
The CuTCNAQ fabric was held in place with araldite between two 
glass tubes of 1.7 cm diamater into which water, dichloromethane 
(DCM) (Aldrich) or olive oil (Cobram estate) was poured. Crude oil 
was spread on the surface of water in a beaker or petri dish and 
absorbed on the fabric which was then washed with hexane to 
remove excess oil. The recipe used for simulated seawater was as 
described by Kester et. al.[45]  and 0.1 M HCl (Aldrich) was used for 
the corrosive environment test. For both tests the CuTCNAQ fabric 
was submerged under the surface and the vessel was covered.   
The water content of DCM off the shelf was 644 ± 10 ppm and was 
measured by Karl-Fischer titration before and after filtration through 
the CuTCNAQ fabric membrane.   
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A nylon fabric functionalized with an organic semiconductor, CuTCNAQ, 
demonstrates superhydrophobic/superoleophilc properties. This non-fluorinated 
fabric has surface features on the micro and nanoscale that account for these 
properties. The fabric allows for the separation of a wide variety of oils from water 
via filtration and through absorption including crude oil. This material is highly 
durable and can withstand harsh environmental conditions. 
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